Introduction
The rapid increase in popularity of very bandwidth-intensive applications such as internet video, cloud storage and social networking requires large volumes of data to be transmitted over long distances. This has fuelled the historically exponential growth of data traffic volumes in the worldwide telecommunication network, and based on current trends it is likely to continue to drive an unsurpassed need for transmission capacity over the next decade. This requires ultra long-haul 100G transport solutions for both the core network and submarine deployment [1] .
Polarization-multiplexed quadrature phase shift keying (POLMUX-QPSK) [2] has emerged in recent years as the most suitable modulation format for 100G line rates, as it is compatible with the standardized 50-GHz channel spacing. This allows for a spectral efficiency of 2.0 b/s/Hz, scaling C-band only transmission systems to a total capacity of up to 10 Tb/s. Recent experiments using 100G POLMUX-QPSK modulation have demonstrated the feasibility of unregenerated transmission over ultra long-haul transmission distances [3] [4] [5] . A key enabler of the demonstrated ultra long-haul transmission distances is on one hand Raman amplification schemes or on the other hand the use of very short span lengths. For greenfield deployments, an alternative approach might be the deployment of fiber types specifically optimized for dispersion unmanaged 100G transmission which guarantees both a lower span loss as well as a strongly increased nonlinear threshold [6, 7] .
In this paper we show ultra long-haul transmission using 100G POLMUX-QPSK modulation for a transmission system consisting of EDFA-only amplification and standard 80-km span lengths. The ultra long-haul transmission reach in this experiment is enabled by the use of large-A eff Pure-Silica core fiber (LA-PSCF). We discuss as well a comparison between the LA-PSCF and standard single-mode fiber (SSMF) and show that the improved nonlinear coefficient and higher dispersion coefficient of LA-PSCF allow for a 55% increase and by using back-propagation (BP) a 65% increase in transmission distance. For the experimental comparison the span lengths for both fiber types were different and formed by combining multiple spools together, yielding additional losses per span. In case the span lengths would have been the same and would have only two splices per span, an additional ~20% in reach improvement due to the lower span loss of the LA-PSCF is expected. This would result in a total increase in transmission distance of 85% by using LA-PSCF instead of SSMF. 
Experimental setup
The experimental setup used is depicted in Fig. 1 . At the transmitter ( Fig. 1(a) ), two laser combs are generated by coupling together 5 lasers on the ITU-grid and 6 lasers on the ITUoffset grid by using a passive coupler. The two combs consist of a mix of ECL and DFB lasers, where the center channel is an ECL laser with a 100-kHz linewidth. The output signals of both combs are first return-to-zero (RZ) pulse-carved by means of a Mach-Zehnder Modulator (MZM) driven by a 28-GHz clock signal. Subsequently the signals are 56-Gb/s QPSK modulated with an IQ-modulator. Two outputs of a pulse-pattern generator (PPG), generating 2 15 PRBS sequences at a 28-Gbaud symbol rate, are first cleaned up using two D flip-flops (DFF). One of the two DFF outputs is first delayed by 52 symbols for de-correlation and both are after amplification fed to the IQ-modulators. The 56-Gb/s RZ-QPSK modulated signals are first amplified and subsequently multiplexed using a wavelength selective switch (WSS, Waveshaper 4000S) on a 50-GHz ITU-grid. After the multiplexing stage the signal is fed into a polarization-multiplexing (POLMUX) stage. Here the incoming optical signal is split up into two equally powered tributaries, one delayed by 230 symbols for de-correlation, and subsequently re-combined using a polarization beam combiner (PBC), resulting in an 112-Gb/s POLMUX-RZ-QPSK modulated signal. The resulting optical spectrum containing eleven 112-Gb/s POLMUX-RZ-QPSK modulated signals is shown in Fig. 1(d) . 
The transmission link consists of a re-circulating loop ( Fig. 1(b) ) containing a LoopSynchronized Polarization Scrambler (LSPS), four fiber spans followed by an EDFA to compensate the losses, and a wavelength selective switch (WSS). The LSPS is used to emulate the polarization changes occurring in a long-haul transmission link. The WSS emulates optical add-drop nodes and equalizes the optical spectrum. The four fiber spans are either SSMF or large-A eff Pure-Silica core fiber. The specifications of both fibers are given in Table 1 . It can be observed that the average span loss is approximately the same for both fiber types, whereas one would expect a lower span loss for large-A eff Pure-Silica core fiber due the lower attenuation. The SSMF span loss follows from the attenuation coefficient plus splice losses (75 km x 0.19 dB/km + 3 x 0.1 dB). The span length of the LA-PSCF is 82 km instead of 75 km for SSMF, but in addition the span loss of the LA-PSCF is 1.6 dB higher as expected from the attenuation coefficient times span length. This additional span loss results from the splice losses between the LA-PSCF to SSMF pigtails. The difference in core area of the LA-PSCF and SSMF results in a ~0.3 dB higher splicing loss compared to splicing two SSMFs together [8] , yielding a 0.4 dB loss per splice. The 82-km LA-PSCF span consists of two spools with both two splices to SSMF, resulting in a total span loss of 14.8 dB (82 km x 0.161 dB/km + 4 x 0.4 dB). Please note that due to the longer span length, the total transmission distance for each loop re-circulation is 300 km in case of SSMF compared to 328 km for the LA-PSCF.
After transmission, the center channel at 1550.12 nm is filtered out using a demultiplexing filter with a 50-GHz bandwidth and subsequently fed to a polarization-diversity 90 optical hybrid (Fig. 1(c) ). The signal is mixed with a local oscillator (LO) with 100-kHz linewidth, tuned within +/− 200 MHz of the center wavelength. The 8 outputs of the 90 optical hybrid are converted to the electrical domain using balanced photodiodes, and subsequently digitized using a 50-Gsamples/s real-time digital sampling scope (DSA72004B). Two million samples, corresponding to 4.48 million bits are used for offline digital signal processing. Per measurement point, four shots are taken at different time instances from which the average BER is presented in the results section. Offline digital signal processing is used to demodulate the resulting samples as described in [9] . 
Transmission results
Figure 2(a) shows the measured back-to-back curve of the 112-Gb/s POLMUX-RZ-DQPSK channel. The required OSNR to reach a BER of 10 −3 is 15.2 dB/0.1nm, which corresponds to a ~1.3 dB penalty with respect to theory. The recovered constellation of the signal that is transmitted is shown in Fig. 2(b) . In Fig. 2 (c) the log 10 (BER) is depicted as a function of the launch power per channel after a transmission distance of ~4500 km. Please note that, as the span lengths for both fiber types are not equal, the number of loops is 15 for SSMF spans and 14 for LA-PSCF spans. This means we obtain almost the same received OSNRs, because the average span loss for LA-PSCF is slightly higher than for SSMF, but the additional loop for SSMF spans adds approximately the same OSNR degradation. This can also be observed in Fig. 2(c) from the overlapping curves in the OSNR limited region.
As the received OSNR is near to identical for both fiber types the difference in transmission performance is resulting solely from the difference in the nonlinear threshold. The total improvement in nonlinear threshold is ~3.85 dB between LA-PSCF and SSMF, as can be observed in Fig. 2(c) . The larger core size of LA-PSCF (and the reduced refractive index) results in a nonlinear coefficient of 0.6 W −1 ·km −1 , which is 3.4 dB lower than for SSMF (1.3 W −1 ·km −1 ). The higher dispersion coefficient of LA-PSCF (21.0 ps/nm/km) compared to SSMF (16.8 ps/nm/km) results as well in an increase of the nonlinear threshold. In [10] it has been shown that the nonlinear tolerance scales approximately linearly with the difference in dispersion coefficient to the power of 0.4, which amounts to a difference of + 0.4 dB (10·log 10 ((21/16.8) 0.4 )). The longer effective length of LA-PSCF reduces the nonlinear threshold somewhat (−0.7 dB), but this is partially offset by the larger splice loss between LA-PSCF and SSMF pigtail ( + 0.3 dB). The additional loop for SSMF adds a + 0.3 dB penalty, and the total improvement in nonlinear threshold relative to SSMF amounts therefore to 3.7 dB, which is close to the measured 3.85 dB difference.
Figure 2(d) shows the transmission distance as a function of the measured log 10 (BER). It can be observed that for SSMF the FEC-limit (BER of 3.8·10 −3 ) is reached after 6100 km of transmission, whereas the ~3.85 dB increase in nonlinear threshold for the LA-PSCF results in an increase of this distance to 9500 km. This is a 55% increase in transmission distance resulting from the lower nonlinear coefficient of the LA-PSCF. Note that for 80-km spans with optimum span loss, i.e. 80 km of fiber and two splices only, the difference is an additional 1.5 dB between LA-PSCF and SSMF (factoring in the 2 x 0.3 dB higher splice loss between the LA-PSCF and SSMF pigtails). This would add an approximate 20% difference in reach improvement between both fibers because of the lower attenuation of the LA-PSCF, resulting in a total difference in maximum feasible transmission distance of 75%.
Back-propagation
An even larger improvement in transmission distance can be obtained by applying nonlinear compensation techniques. Back-propagation (BP) [11] [12] [13] recently gained a momentum being one of the most suitable techniques since it compensates bulk chromatic dispersion (CD), selfphase modulation (SPM) and, to some extent, cross-phase modulation (XPM) at the same time.
The BP algorithm is based on the solution of the Nonlinear Schrödinger Equation (NLSE) and serves as an approximate inverse channel model. The NLSE is a precise approximation of optical fiber propagation for the case of a single polarization optical field. However, in modern WDM long-haul systems two polarizations are employed to increase the spectral efficiency. Therefore the so-called vectored NLSE has to be used to cope with polarization effects on the nonlinear interactions as described in [13] . Moreover optical transmission fibers are nominally not birefringent, however they still exhibit residual birefringence that randomly scatters the polarization of the electrical field. By averaging the vectored NLSE over these relative fast polarizations changes, it results in a new version of NLSE, the so-called Manakov Equations [13] , which is used in the BP algorithm.
To apply BP, the full knowledge of the link is required. The span lengths, the dispersion map, the fiber type, and the launch power have to be known by the receiver. So far, BP has been mainly discussed at an academic level without clear proposal for real-time hardware implementation. However, recent research showed that the computational requirements can be decreased considerably. In [14] , it was shown that the number of required steps per span can be reduced by using the correlated BP. In [15] , a complexity reduction of 50% without considerable system performance degradation is shown. In Fig. 3(a) (SSMF) and (b) (LA-PSCF) the same results as in Fig. 2(c) are shown, with additionally the results after applying BP. The BP method used considers one single step per span. The results show that with BP, an improvement in nonlinear threshold of ~2 dB for single channel transmission and ~1.3 dB for WDM transmission over SSMF is obtained. For transmission over LA-PSCF, a nonlinear threshold improvement of ~3 dB for single channel transmission is obtained. For WDM transmission, the nonlinear threshold improvement is ~2 dB. Figure 4 show the log 10 (BER) results as a function of the transmission distance for the WDM transmission over LA-PSCF and SSMF. For SSMF the transmission distance has improved by 16% at the FEC-limit. For LA-PSCF, the improvement is about 26%. This means an additional 10% difference in reach improvement between the fibers, in favor of LA-PSCF. This brings the total measured reach improvement when employing LA-PSCF instead of SSMF to 65%. In case spans with equal length and two splices per span would have been used, resulting in a lower span loss for the LA-PSCF, the increase in reach sums up to be 85%. 
Conclusion
In this paper we have shown a comparison of two fiber types, SSMF and large-A eff PureSilica Core fiber (LA-PSCF) for ultra long-haul 112-Gb/s POLMUX-RZ-DQPSK transmission on a 50-GHz grid. We have shown that the increased core size and higher dispersion coefficient of the LA-PSCF allows for a 3.85 dB increase in nonlinear threshold, which translates into an increase in feasible transmission distance of 55%. An additional reach improvement when using BP of 10% in favor of LA-PSCF has been shown. In case spans with equal length and two splices per span would have been used to reduce the span loss, this would result in a total increase of feasible transmission distance of 85% by using LA-PSCF instead of SSMF.
